A systematic analysis was carried out to examine the effects of ribonucleotide substitution at various locations within the promoter element for T7 RNA polymerase. Ribonucleotides could be introduced at most positions without significantly decreasing transcription efficiency. A critical window of residues that were intolerant of RNA substitution was defined for both the non-template and template strands of the promoter. These residues are involved in important contacts with the AT-rich recognition loop, specificity loop, and β-intercalating hairpin of the polymerase. These results highlight the malleability of T7 RNA polymerase in recognizing its promoter element and suggest that promoters with altered backbone conformations may be used in molecular biology applications that employ T7 RNA polymerase for in vitro transcription.
INTRODUCTION
T7 RNA polymerase (T7 RNAP) is widely utilized in molecular biology research for the transcription of RNA. The behavior of this enzyme is critically dependent on its interaction with the promoter element. The T7 bacteriophage genome contains a variety of promoters that are recognized by T7 RNAP, all of which are related to a 23-base-pair consensus sequence ( Figure   1 ) (1) . The promoter can be divided into a recognition domain, encompassing positions -17 through -5, and an initiation domain, encompassing positions -4 through +6 (2) (3) (4) (5) . Transcription initiates at the +1 position. Thus, the promoter is commonly viewed as spanning positions -17 through -1, even though the consensus sequence extends six base pairs beyond the site of initiation. In practice, this allows for the introduction of a wide variety of template sequences downstream of the -1 position in order to transcribe almost any desired RNA sequence.
Numerous studies have illuminated details of the interactions between T7 RNAP and the recognition and initiation domains of the promoter. Through the use of Fe(II)-EDTA footprinting analysis it was shown that the protein recognizes the double-stranded DNA promoter on one face of the helix, as indicated by protein protections that alternated between the template and nontemplate strands from positions -17 through +2 (6) . More recent studies involved the introduction of modified bases at defined locations within the promoter, providing information concerning interactions between T7 RNAP and specific functional groups of the DNA (4, 5, 7, 8) . Those studies indicated major groove interactions in the recognition domain of the promoter at positions -11 through -5, confirming earlier modification interference experiments that implicated positions -12 through -5 as being important for binding interactions in the major groove of the DNA (9) .
The recent crystal structure of T7 RNAP complexed with its promoter confirmed the results of prior biochemical studies and supports a model in which polymerase binding occurs on one face of the DNA helix (10) . A detailed picture of polymerase-promoter interactions is provided by this structure. Specifically, the AT-rich recognition loop of the polymerase (residues 93-101) lies in close proximity to the minor groove of base pairs -17 through -13. The specificity loop of the Interactions between T7 RNAP and its promoter also have been studied by examining the effects of mutations within the promoter sequence, indicating potentially important interactions that involve specific base pairs (2, (11) (12) (13) (14) . In general, mutations at positions -9 through -7 significantly reduce or abolish transcription, a finding that is supported by interactions that have been identified between position -8 of the promoter and Gln758 within the specificity loop of the protein (15) . There is a preference for either A-T or T-A base pairs at positions -17 through -13 (13, 14) , confirming the need for flexibility in this region in order to allow interaction with the AT-rich recognition loop of the protein (10). Positions -11 and -10 are tolerant of mutations, although these positions are somewhat constrained by interactions with Asn748 in the specificity loop of the protein (15) (16) (17) . Some tolerance for mutations also exists at positions -6 through -4 (14) , which is the region of transition between the paired and unpaired portions of the DNA when the polymerase is bound (4, 5, 7) . Almost any base pair can exist at positions -3 through -1 (14) , which are unpaired when interacting with the specificity loop of the protein (10).
The present study sought to investigate the consequences for T7 RNAP activity of introducing ribonucleotides within the consensus promoter sequence. This work complements previous mutational analyses by identifying positions within the promoter that are conformationally important for productive interaction with T7 RNAP. It also highlights alternative forms of the T7 RNAP promoter that may be useful in molecular biology applications. For example, RNA-containing promoters have been utilized previously in the continuous in vitro evolution of ligase ribozymes (18) . This system involves an RNA-catalyzed RNA ligation reaction with a promoter-containing oligonucleotide substrate that is composed partially of RNA. Additionally, a non-template promoter strand that contains RNA residues at its 
EXPERIMENTAL PROCEDURES
Preparation of oligonucleotides-All oligonucleotides were synthesized using a PerSeptive Biosystems Expedite automated DNA/RNA synthesizer and were deprotected according to the manufacturer's protocol. Expedite DNA amidites and solid supports were purchased from PerSeptive Biosystems, and TOM RNA amidites and solid supports were purchased from Glen
Research. Oligonucleotides were purified by denaturing polyacrylamide gel electrophoresis, eluted from the gel, and ethanol precipitated. Concentrations of oligonucleotides were determined spectrophotometrically, with extinction coefficients calculated as previously described (19) .
In vitro transcription-Histidine-tagged T7 RNAP was purified from E. coli strain BL21 containing plasmid pBH161 (kindly provided by William McAllister), using His-Bind resin (Novagen) according to the manufacturer's protocol. A molar extinction coefficient of ε 280 = 1.4
x 10 5 M -1 cm -1 was used to determine the enzyme concentration (20) , and the specific activity was determined by comparison to commercially available T7 RNAP (Stratagene). The non-template strand contained 17 nucleotides and the template strand contained 22 nucleotides that encoded the RNA sequence 5´-pppGGACU-3´.
The template and non-template oligonucleotides (10 pmol each) were annealed in a 4.5-µL volume that contained 10 mM tris(hydroxymethyl)aminomethane (Tris; pH 7.5) and 1 mM disodium ethylenediaminetetraacetate (Na 2 EDTA), which was heated at 65 °C for 5 min,
followed by the addition of 0.5 µL of a mixture containing 150 mM MgCl 2 , 20 mM spermidine, 500 mM Tris (pH 7.5), and 50 mM dithiothreitol (DTT), then incubated at 37 °C for 5-10 min.
The remaining components of the transcription mixture were added to give a final volume of 25 
RESULTS
Ribonucleotides at either end of the promoter-In vitro transcription was carried out using the consensus T7 RNAP promoter in which one or more contiguous deoxynucleotides upstream of the initiation site were replaced by ribonucleotides. These changes were made at either the 5´ or 3´ end of either the non-template or template strand from positions -17 through -1. The nontemplate strand is of the same sense as the RNA transcript and runs from position -17 (at the 5´ end) to position -1 (at the 3´ end), encompassing the recognition domain and a portion of the initiation domain ( Figure 1 ). The template strand is of the opposite sense and runs from position -17 (at the 3´ end) to position +5 (at the 5´ end). In the standard assay, the two strands were allowed to anneal, then T7 RNAP was added to initiate transcription. After 15 min, the reaction was quenched and the products were analyzed by denaturing polyacrylamide gel electrophoresis.
Similar assays employing synthetic oligonucleotides have been utilized previously to study T7 RNAP-promoter interactions and the effect of various mutations and base modifications within the promoter element on transcription efficiency (4, 5, 7, 8, (22) (23) (24) (25) . Comparable yields are obtained when employing either a synthetic or plasmid DNA template that encodes the same RNA sequence (22) . In the present study, transcription efficiency was measured relative to an by guest on http://www.jbc.org/ Downloaded from 7 all-DNA promoter, whose activity was defined as being 100%. The average transcription yield with the wild-type promoter was 30-40 copies of RNA per copy of DNA template, which is typical for a 15-minute transcription reaction. For the RNA-containing promoters, deoxythymidine was replaced with uridine rather than 5-methyl uridine. With the exception of position -6 of the template strand, the absence of the 5-methyl group was not expected to have a significant effect on transcription efficiency (7).
RNA substitution first was carried out on the non-template strand, starting from the 3´ end.
Full promoter activity was retained when the DNA residues at positions -12 through -1 all were replaced by RNA, followed by a sharp decrease in transcription efficiency when position -13 was replaced as well ( Figure 2a ). This region of RNA substitution includes the sites of contact with the intercalating β-hairpin and specificity loop of the polymerase (10).
Starting from the 5´ end of the non-template strand, promoter activity began to decline when the DNA residues at positions -17 through -15 were replaced by RNA. This region includes the sites of minor groove contacts with the AT-rich recognition loop of the protein (10).
Transcription efficiency decreased progressively as more RNA residues were introduced, resulting in almost no detectable transcription product when residues -17 through -12 were replaced by RNA.
In a similar fashion, RNA residues were introduced into the template strand starting from the 5´ end. It was found that the DNA residues at positions -4 through -1 could be replaced by RNA without affecting transcription efficiency (Figure 2b ). This region of the template strand is in Starting from the 3´ end of the template strand, full transcription activity was retained when the DNA residues at positions -17 through -15 were replaced by RNA. This region is at the site of interaction with the AT-rich recognition loop of the protein (10) . When additional residues in this region were converted to RNA, encompassing positions -17 through -13, transcription efficiency decreased to approximately 50% compared to that of the all-DNA promoter. As the segment of RNA substitution was extended to include the region that contacts the specificity loop of the polymerase, there was a progressive decrease in transcription efficiency. RNA substitution extending to position -11 reduced transcription efficiency to about 40% compared to that of the all-DNA promoter and to about 10% when positions -10 and -9 also were replaced by RNA.
Ribonucleotides at both ends of the promoter-In view of the results described above, it
appeared that there is a critical window of residues within both the non-template and template strands of the promoter that must contain DNA in order to retain full T7 RNAP activity. To investigate this possibility, a non-template strand was constructed that contained RNA residues at positions -17 through -15 and positions -10 through -1. The polymerase retained approximately 75% of full transcription activity with this promoter (Figure 3) . Conversely, when only residues -14 through -11 were replaced by RNA, transcription efficiency decreased to approximately 10%. This defines a critical window of four residues within the non-template strand that are intolerant of RNA substitution. Positions -14 and -13 within this window contact the AT-rich recognition loop of T7 RNAP and position -11 contacts the specificity loop of the protein (10).
Efforts were made to further pinpoint critical sugar positions within the non-template strand. A non-template strand containing all RNA residues showed no detectable activity under the assay conditions (data not shown).
A critical window of DNA residues also was defined for the template strand, although this window was not as sharp as for the non-template strand. When positions -17 through -13 and positions -4 through -1 were replaced by RNA, transcription efficiency was reduced to approximately 40% compared to that of the all-DNA promoter ( Figure 3) . Conversely, when
RNA was introduced at positions -12 through -5, transcription efficiency was reduced to about 5%.
Finally, promoters were constructed in which both the non-template and template strands were made to contain the maximum number of RNA residues. Combining a non-template strand with RNA residues at positions -17 through -15 and positions -10 through -1 and a template strand with RNA residues at positions -17 through -13 and positions -4 through -1 resulted in a low level of transcription activity (Figure 3 ). When the same non-template strand was combined with a template strand that contained RNA residues only at positions -4 through -1, transcription efficiency was 35% compared to that of the all-DNA promoter (data not shown). Contacts with the template strand of the promoter-There is a requirement for a greater number of DNA residues within the template strand compared to the non-template strand of the promoter. This is not surprising considering the greater number of protein contacts that occur with the template strand (10). Positions -4 through -1 of the template strand may be replaced by RNA without significantly affecting transcription efficiency, but substitution at position -5 as well has a highly deleterious effect (Figure 2b ). The base pair at position -5 interacts with the intercalating β-hairpin of T7 RNAP through stacking interactions with Val237 (10). In the crystal structure of the DNA-protein complex, the intercalating β-hairpin appears to lie close to the sugar moiety of the deoxyguanylate at position -5 of the template strand (Figure 4) . Thus, altering the sugar pucker or introducing a 2´-hydroxyl group at this position may disrupt this interaction.
DISCUSSION

Contacts with the non-template strand of the promoter-The
Positions -4 through -1 of the promoter are unpaired when it is complexed with T7 RNAP.
The specificity loop of the polymerase interacts with these residues primarily through contacts to the sugar-phosphate backbone (10) , as supported by studies that indicate a tolerance for almost any mutation at these positions (14) . A C 3´-endo sugar pucker is established at the transcription start site in the DNA-protein complex (27) , which suggests that substitution of RNA residues at positions -4 through -1 of the template strand might facilitate transition to this A-form-like conformation and therefore facilitate transcription. However, this benefit is likely to be counterbalanced by the increased stability of the RNA-DNA heteroduplex compared to the DNA-DNA homoduplex (28) , making it more difficult for this region of the promoter to dissociate prior to formation of the active transcription complex (27) .
Positions -12 through -5 of the template strand are intolerant of RNA substitution. These positions have been studied previously by introducing either mutations or base modifications (4, 7, 8, (11) (12) (13) (14) , demonstrating an absolute requirement for the sequence YGAG (Y = C or T) at positions -10 through -7. Introducing ribonucleotides of the same sequence at these positions greatly reduces transcription efficiency, whereas full promoter activity is maintained when the corresponding positions of the non-template strand are replaced by RNA (Figure 2 ). This is likely due to the close interaction of the template strand with the specificity loop of the protein (10) . The residues at positions -10, -9, and -8 of the template strand have direct or watermediated hydrogen bonding contacts with Asn748, Arg756, and Gln758, respectively, within the specificity loop.
The ability to introduce so many ribonucleotides into the promoter without significantly affecting T7 RNAP transcription efficiency begs the question as to whether one could develop a mutant form of the polymerase that utilizes an all-RNA promoter. Previous studies have demonstrated the ability to screen for functional mutant polymerases in E. coli (29, 30) . In this way, a mutant T7 RNAP was identified that directs transcription from several different promoter sequences that are not utilized by the wild-type enzyme (29) . It would be difficult to employ the same strategy to select for T7 RNAP variants that utilize an all-RNA promoter. However, other 12 directed evolution strategies might be employed, such as phage display (31) or methods in which a mRNA is linked to its corresponding protein during in vitro translation (32) . A simpler experiment would be the evolution of mutant promoter sequences that allow T7 RNAP to utilize an all-RNA promoter. T7 RNAP can operate on an RNA template (33, 34) and catalyze the extension of an RNA primer (33) . Thus continuous in vitro evolution might be used to evolve mutant all-RNA promoters, similar to what has been achieved for mutant DNA promoters (35) .
The malleability of the T7 RNAP-promoter interaction opens the door for a variety of applications that utilize a promoter element of altered chemical composition.
ACKNOWLEDGEMENT
We thank Peter Funke for assistance in generating 
